Abstract: Glutinoglossum is a recently described genus in Geoglossomycetes, characterized by viscid black fruiting bodies. Glutinoglossum was described based on molecular evidence showing that the fungus formerly known as Geoglossum glutinosum formed a well-supported clade separate from Geoglossum. This study provides a comprehensive examination of Glutinoglossum based on maximum-likelihood and Bayesian analyses of a dataset that includes nuc rDNA internal transcribed spacer and partial 28S regions and the nuc genes for RNA polymerase II largest subunit (RPB1) and minichromosome maintenance complex component 7 (MCM7). Four new species are described, an emended description of Glutinoglossum glutinosum and a key to the genus Glutinoglossum is provided.
INTRODUCTION
Geoglossomycetes, commonly referred to as earth tongues, is a class in the Ascomycota presently comprising one family (Geoglossaceae) and eight genera: Geoglossum Pers., Glutinoglossum Hustad, A.N. Mill., Dentinger & P.F. Cannon, Hemileucoglossum Arauzo, Leucoglossum S. Imai, Nothomitra Maas Geest., Sabuloglossum Hustad, A.N. Mill., Dentinger & P.F. Cannon, Sarcoleotia S. Ito & S. Imai and Trichoglossum Boud. (Hustad et al. 2013, Arauzo and Iglesias 2014) . Glutinoglossum is a recently described genus of earth tongue fungi in the class Geoglossomycetes (Ascomycota). Glutinoglossum presently includes two species: G. glutinosum (Pers.) Hustad, A.N. Mill., Dentinger & P.F. Cannon and G. heptaseptatum Hustad, A.N. Mill ., Dentinger & P.F. Cannon . Fungi of the genus Glutinoglossum are characterized by the production of viscid, black, clavate ascocarps with a distinct gelatinous layer of elongated, hyaline, sparsely septate paraphyses covering most of the surface of the ascocarp, and slowly maturing ascospores that are initially hyaline and lack septation, but later develop septa and become brown. Glutinoglossum glutinosum, commonly known as the glutinous earth tongue, is among the first species of Geoglossomycetes reported in mycological literature and has been subjected to a number of nomenclatural changes since the fungus was described by C.H. Persoon in 1796 as Geoglossum glutinosum Pers.
Taxonomic confusion has surrounded Geoglossum glutinosum for nearly as long as the species has been studied by mycologists. After his description of G. glutinosum in 1794, Persoon described G. viscosum Pers. in 1797 and G. glutinosum var. lubricum Pers. in 1822. These species descriptions are ambiguous, as expected in the years pre-dating contemporary microscopy. G. viscosum was described as a shorter form of G. glutinosum, and G. glutinosum var. lubricum was distinguished from G. glutinosum in being entirely covered with a viscid gelatinous layer. Both species later were examined and reduced to synonyms of G. glutinosum by . Hazslinszky (1881) described Cibalocoryne as a subgenus of Geoglossum and included the species Cibalocoryne viscosula Hazsl. in his protolog. Because Cibalocoryne was not a validly published genus, this species was transferred by Saccardo (1884) to Geoglossum viscosulum (Hazsl.) Sacc. Imai (1942) continued to treat Cibalocoryne as a separate genus within the Geoglossaceae and later transferred G. glutinosum to Cibalocoryne glutinosa (Pers.) Imai. Hazslinszky's species later was synonymized under Geoglossum glutinosum by Nannfeldt (1942) , who also stated that the ''genus Cibalocoryne lacks thus every raison d'être''. This sentiment was reinforced by Maas Geesteranus (1965) who found Cibalocoryne to be a nomen ambiguum and subordinate to Geoglossum. described the genus Gloeoglossum E.J. Durand to contain species of Geoglossum with ''viscidgelatinous consistency when fresh'' and with paraphyses that are ''not confined to the hymenium but continue with unchanged form down the stem to its base''. Durand transferred all of the known viscid species of Geoglossum to this new genus, including G. difforme (Fr.) E.J. Durand (the type species of the genus), G. affine E.J. Durand and G. glutinosum (Pers.) E.J. Durand. Nannfeldt (1942) reduced Gloeoglossum to synonymy and transferred the three species back to Geoglossum, a transfer that also was supported by .
Species of Glutinoglossum are among the rarer earth tongues in North America, with specimens labeled Geoglossum glutinosum accounting for fewer than 5% of all Geoglossomycetes specimens in the 39-member herbaria of MycoPortal (http://mycoportal.org/ portal/index.php) and 34/887 (3.8%) at MICH, which holds the largest collection of Geoglossomycetes in North America. While Geoglossomycetes are infrequently collected in New Zealand, 41/258 (16%) in PDD were identified as Geoglossum glutinosum or Glutinoglossum, suggesting a higher diversity of glutinous earth tongues might be present in New Zealand.
Further collecting and analyses of Glutinoglossum collections since Hustad et al. (2013) has resulted in the discovery of four previously undescribed cryptic species of Glutinoglossum from North America and Australasia. This paper describes these new species along with an emended description of Glutinoglossum glutinosum and provides an overview of the genus Glutinoglossum.
MATERIALS AND METHODS
Morphological analyses.-Samples were obtained from freshly collected material or herbarium specimens. Mature discharged ascospores were obtained by tapping fresh or dried ascomata in a drop of water on a slide . Dehydrated ascomata were hand-sectioned and a small amount of hymenium was squash-mounted in 5% KOH for observation of micro-morphological characters. Images of pertinent micro-morphological characters were captured with a QImaging QColor 3 digital camera mounted on an Olympus BX51 compound microscope with differential interference microscopy. Images were processed with Adobe Photoshop 7.0 (Adobe Systems Inc., Mountain View, California). A minimum of 30 measurements were taken when possible for each micro-morphological character using NIH Image 1.63 (National Institutes of Health, Bethesda, Maryland). Mean and standard deviation of ascus and ascospore size were recorded. Taxonomic novelties and associated data were registered in MycoBank (Crous et al. 2004 ).
Molecular procedures.-Total genomic DNA was extracted from approximately 0.5 cm 2 hymenium tissue from a single dried ascoma using a QIAGEN DNeasy Plant Mini Kit (QIAGEN Inc., Valencia, California). Gene fragments were PCR-amplified following the methods outlined in Matheny et al. (2002) , Promputtha and Miller (2010) and Raja et al. (2011) , and purified using a Promega Wizard SV Gel and PCR Clean-Up System (Promega Corp., Fitchburg, Wisconsin). Sequences were generated on an ABI Applied Biosystems 3730XL high-throughput DNA capillary sequencer at the UIUC Keck Center for Comparative and Functional Genomics. Two regions of nuc rDNA were amplified and sequenced: the ca. 570 bp internal transcribed spacer (ITS) region, consisting of the ITS1, 5.8S and ITS2 regions, was amplified and sequenced using a combination of the primers ITS5, ITS1 and ITS4 (White et al. 1990 ); a ca. 630 bp fragment of the 59 end of the 28S rRNA coding sequence (28S) region containing the D1-D2 domains was amplified and sequenced with primers JS1 (Landvik 1996) and LR3 (Vilgalys and Hester 1990) .
Two single-copy protein-coding genes also were used in addition to the ITS and 28S rDNA regions to further elucidate evolutionary relationships. The minichromosome maintenance complex component 7 gene (MCM7) is a single-copy gene that codes for a DNA replication licensing factor required for eukaryotic genome replication initiation and cell proliferation (Moir et al. 1982, Kearsey and Labib 1998) . MCM7 has been shown to produce highly accurate phylogenies in fungi (Aguileta et al. 2008 , Schmitt et al. 2009 ) across a wide range of ascomycete taxa including Geoglossomycetes (Raja et al. 2011 ). The primers 709F and 1348R (Schmitt et al. 2009 ) were used for PCR amplification and sequencing of the 642 bp segment of MCM7.
The second single-copy protein-coding gene used in these analyses was the RNA polymerase II subunit 1 gene (RPB1). Schoch et al. (2009) found RPB1 to have the highest per-site informativeness (Townsend 2007) across six genes in the Ascomycota. RPB1 analysis has been shown recently to provide reliable phylogenies within Geoglossomycetes ). The primers RPB1af (Stiller et al. 1997 ) and RPB1cr (Matheny et al. 2002) were used for amplification and sequencing of an 849 bp region of the RPB1 gene.
Phylogenetic analyses.-Individual gene alignments were created by eye in Sequencher 5.0.1 (Gene Codes Corp., Ann Arbor, Michigan) and optimized if necessary with Muscle 3.8.31 (Edgar 2004) in Seaview 4.4.2 (Gouy et al. 2010) . Ambiguous regions were removed from individual gene datasets with Gblocks 0.91b (Castresana 2000) under the following parameters: for ITS minimum number of sequences for both conserved and flanking regions 5 13, maximum number of contiguous, nonconserved regions 5 4, minimum length of a block 5 2, and allowed gap positions in 50% of sequences; for 28S minimum number of sequences for both conserved and flanking regions 5 11, maximum number of contiguous, nonconserved regions 5 2, minimum length of a block 5 2 and allowed gap positions in 50% of sequences.
The GTR+I+G was determined as the best-fit model of evolution for all four genes based on the Akaike information criterion (AIC) (Posada and Buckley 2004) utilized by jModelTest 2.1.6 Gascuel 2003, Darriba et al. 2012) on XSEDE platform of the CIPRES Science Gateway Teragrid . Maximum-likelihood (ML) analyses were performed on all four individual gene alignments with PhyML 3.0 ) on the ATGC server (http://www.atgc-montpellier.fr/phyml/) under the GTR+I+G model with six rate classes and invariable sites optimized. The best of subtree pruning and regrafting (SPR) and nearest neighbor interchange (NNI) was implemented during the heuristic search. Nonparametric bootstrap support (Felsenstein 1985) (BS) was determined with 1000 replicates. Clades with BS values .70% were considered significant (Hillis and Bull 1993) .
Bayesian inference employing a Markov chain Monte Carlo (MCMC) algorithm was performed with MrBayes 3.2.2 (Ronquist et al. 2012 ) on XSEDE. Four independent chains of MCMC were run 10 million generations with trees sampled every 1000 generations. Clades with Bayesian posterior probability (BPP) values of .95% were considered significant (Alfaro et al. 2003) . Tracer 1.5 (Rambaut and Drummond 2009 ) was used to estimate effective sample size (ESS) (i.e. burn-in) using the standard deviation of split frequencies produced by Bayesian analysis.
Individual datasets of ITS, 28S, MCM7 and RPB1 were examined for potential conflict before concatenation into a single dataset for total evidence analysis (Kluge 1989, Eernisse and Kluge 1993) . Individual gene phylogenies were considered conflicting if clades with significant ML BS and BPP were conflicting in the individual tree topologies (Wiens 1998 , Alfaro et al. 2003 , Lutzoni et al. 2004 . Because there were no significant conflicting clades among the individual gene trees, all genes were concatenated for final analyses in this order: ITS, 28S, MCM7, RPB1. Phylogenetic analyses then were performed on the concatenated dataset using the same methods used in the individual datasets. Alignments and trees are deposited in TreeBASE (http://treebase.org) under submission ID 16987.
RESULTS
Forty-five sequences, consisting of 12 ITS, 12 28S, 11 MCM7 and 11 RPB1, were generated in this study (TABLE I) . These were analyzed together with 7 ITS, 7 28S, 6 MCM7 and 6 RPB1 sequences from Hustad et al. ( , 2013 and sequences of Glutinoglossum from Wang et al. (2005 Wang et al. ( , 2011 , Brock et al. (2009) along with one environmental ITS sequence suggested to be closely related to Glutinoglossum by a GenBank BLAST query (DQ421173). Twenty-four specimens, representing a total of six Glutinoglossum species, three outgroup species and one environmental sequence, were included in the analyses. Of the 24 specimens included in the final dataset, missing data were ITS for one taxon, 28S for four taxa, MCM7 for seven taxa and RPB1 for seven taxa (TABLE I). In the combined dataset, sequences for all four markers were available for 61% of the specimens and sequences of at least two genes were available for 83% of specimens.
The final combined data matrix had an aligned length of 3833 bp, which was reduced to 2681 bp after the removal of 1152 bp of ambiguously aligned or gap regions by Gblocks. Of the 2681 characters used in the final phylogenetic analyses, 460 were constant and 2221 were variable. A burn-in of 10% was estimated with Tracer 1.5 to be sufficient to remove the prestationary posterior probability distribution, resulting in an ESS value of 3537.858. The standard deviation of split frequencies was 29455.358 at the end of the four-gene Bayesian analysis. The most likely tree produced by PhyML of the final combined dataset is illustrated (FIG. 1) .
The combined data analyses suggest a total of six distinct species within the genus Glutinoglossum, four of which have not been previously described. Below we present a description of the genus Glutinoglossum and descriptions for all six species. Ascocarps single, scattered or subcaespitose, cylindric-clavate, 1.5-4.5 cm tall, viscid, becoming gelatinous when wet; hymenium black, one-third to onehalf the length of the ascocarp, cylindrical-clavate to ellipsoidal, 2-6 mm wide at widest point; stipe cylindrical-terete, distinctly viscid; slightly paler than the hymenium. Asci clavate, (170-)182-220(-235) 3 (12-)12.5-14.5(-15.5) mm (201.2 6 18.9 3 13.6 6 0.9 mm) in rehydrated material, eight-spored, with mature ascospores often clustering toward the apex, leaving the bottom 25-45% of the ascus base hyaline (FIG. 2A) . Ascospores fusiform-clavate, (56.5-)61.5-69.5(-75) 3 (3.5-)4-4.5(-5) mm (65.6 6 3.8 3 4 6 0.4 mm), initially aseptate and hyaline, developing septations in a one-, three-, seven-pattern, predominantly sevenseptate and brown at maturity (FIG. 2B) , although mature discharged spores with fewer septations have been observed. Paraphyses hyaline below, becoming dark brown at apex, tips pyriform to capitate, apical cells inflated (3.5-7.5 mm diam in rehydrated material), often embedded in a thin layer of brown, amorphous matter (FIG. 2C) .
TAXONOMY
Distribution and habitat: NORTH AMERICA: USA (Mains 1954, this paper) . On soil usually among moss (often Thuidium) in mixed deciduous forest. Comments: This species may be confused with Geoglossum affine Durand, a species with similar distribution, viscid ascocarps and ascospore sizes. However the paraphyses of G. affine are closely septate at the apex and the individual apicular cells are variously enlarged unlike in G. americanum. Moreover, we have examined voucher material of G. affine and find it should remain in the genus Geoglossum based on morphological and molecular data (not shown). While we have only seen collections of G. americanum from three states in eastern North America, this species might be widely distributed throughout the continent. Ascocarps single to scattered, cylindric-clavate, viscid (although sometimes not distinctly), 2.5-5 cm tall; hymenium black, 2-4 mm wide at broadest point; stipe 1-2 mm wide at apex, slightly paler than hymenium in older specimens. Asci broad, clavate, (205-)208-256(-276) 3 (17-)17.5-19.5(-20.5) mm (231.7 6 22.4 3 18.4 6 0.9 mm) in rehydrated material, eight-spored, the ascospores found throughout the ascus, resulting in a small hyaline base (FIG. 3A) . Ascospores initially hyaline although becoming brown with maturity, elongate-clavate, slightly curved, predominantly seven-septate, although occasionally three-septate mature spores are present, (77-) 80-92(-99) 3 (3.5-)4-5(-6) mm (86.1 6 5.7 3 4.6 6 0.5 mm) (FIG. 3B) . Paraphyses filiform, sparsely septate above, apices clavate-cylindrical, slightly agglutinated at the tips by a brown gelatinous matter, enlarged at apex (3.5-6.5 mm diam in rehydrated material) (FIG. 3C) . Distribution and habitat: AUSTRALASIA: Australia , New Zealand (this paper). Scattered to gregarious in rich humus and forest soil. Comments: Spooner (1987) describes a collection (Beaton 134) from Victoria, Australia, with uniformly seven-septate spores that matches the description of Glutinoglossum australasicum. This species seems to be the most abundant Glutinoglossum in Australasia, accounting for more than 85% of specimens that have been collected from Australia and New Zealand. Hustad & A.N. Mill. sp. nov.
Glutinoglossum australasicum

Glutinoglossum exiguum
FIG. 4 MycoBank MB811412
Typification: NEW ZEALAND. TAUPO: Whiranaki Forest Park, Whiranaki Waterfall Trail, on damp mossy embankment, 11 May 2013, VPH NZ13-10 (holotype PDD 103574; isotype ILLS 72404).
Etymology: Refers to the small, but well-proportioned ascocarps and ascospores.
Ascocarps scattered, clavate-capitate, 2.5-3.5 cm, black, viscid or not when fresh, with prominent paraphyses extending from the hymenium, visible with a hand lens when fresh; hymenium black, extending one-fourth to one-third the total length of the fruiting body, 2-3 mm wide; stipe black, 1-1.5 mm wide at apex. Asci clavate-cylindrical, (165-)185-245(-261) 3 (13.5-)15-16(-17) mm (215.7 6 25.9 3 15.3 6 1 mm) in rehydrated material, ascospores occupying 75-85% of the ascus, resulting in a hyaline base (FIG. 4A) . Ascospores initially hyaline, becoming brown in maturity, elongate-clavate, (74-)83-92(-95) 3 (3-)4-5(-5.5) mm (88.5 6 4.2 3 4.5 6 0.4 mm), seven-septate when mature (FIG. 4B) . Paraphyses sparsely septate, hyaline below, brown above, distinctly pyriform-globose and inflated at the apex (4.6-7.1 mm diam in rehydrated material), embedded in a matrix of light brown gelatinous material (FIG. 4C) .
Distribution and habitat: AUSTRALASIA: Australia (this paper), New Zealand (this paper). Single to scattered on moss in mixed deciduous forest. Comments: This species is morphologically similar to Glutinoglossum australasicum, but careful morphological examination is capable of differentiating between the two species. G. australasicum has a generally larger ascocarp and is found in greater abundance. G. exiguum has distinctly pyriform-globose inflated paraphyses tips that are conspicuous in fresh material with a hand lens. Ascospore sizes of the two species largely overlap, but the ascospores in G. australasicum are slightly longer and wider. Dennis (1961) cites a specimen (Berggren 6) from Waitaki, New Zealand, (described as a nomen nudum by Cooke as Geoglossum glabrum var. minor) under Geoglossum glutinosum in which the ascospores are uniformly seven-septate. We have not been able to locate this material and no further description of the fungus is provided, but it is likely either Glutinoglossum australasicum or Glutinoglossum exiguum.
Glutinoglossum glutinosum (Pers.) Hustad, A.N. Mill Typification: Europe, Persoon, Lugd. Bat. no. 910.261-767 (L 0110938) .
Ascocarps single, scattered or caespitose, viscid, becoming gelatinous when wet, clavate, 1.5-5.5 cm tall; hymenium black, one-third to one-half the length of the ascocarp, bilaterally compressed, clavate, cylindrical or ellipsoidal, 3-6 mm wide, sometimes with a vertical median groove; stipe dark brown to black, terete, glabrous, viscid, 2-3 mm wide at apex. Asci cylindrical to narrowly clavate, (175-)220-265(-290) 3 (10-)12-16(-18) mm (240 6 18.2 3 13.6 6 2.1 mm) in rehydrated material, eight-spored; the ascospores occupying the upper 65-75% of the ascus, resulting in a hyaline ascus base. Ascospores fusiformclavate, straight to slightly curved, (51-)59-65(-77) 3 (3.5-)4-5(-5.5) mm (62.8 6 3.6 3 4.4 6 0.5 mm), often aseptate when young, usually three-septate when mature, although occasionally one-, five-and seven-septate mature ascospores are observed, initially hyaline, eventually becoming brown. Paraphyses sparsely septate, hyaline below, light to dark brown above, broadly obovoid to pyriform (4-11 mm diam in rehydrated material).
Distribution and habitat: AFRICA: Macaronesia
Comments:
We provide an emended description with a narrower range of ascospore sizes more closely approximating the measurements of Persoon's type specimen reported by . There does not seem to be definitive evidence that true Glutinoglossum glutinosum exists in Australasia. All specimens collected from Australia and New Zealand have been either G. australasicum or G. exiguum. The existence of true G. glutinosum in Australasia would not be without precedent as species of Geoglossomycetes described from the northern hemisphere (e.g. Geoglossum cookeanum, Trichoglossum hirsutum) have been collected from Australasia. A wide variety of ascospore sizes have been reported for this species, both from North America and Europe. Owing to the evidence of cryptic speciation in Glutinoglossum, it seems likely that many of the published measurements are the result of examination of mixed collections and non-discharged ascospore Ascocarps single or scattered, viscid, 2-4.5 cm tall; hymenium black, viscid, one-fourth to one-third the length of the ascocarp, 3-6 mm wide; stipe dark brown, terete, viscid. Asci clavate, 170-205 3 18-22 mm (190.9 6 12.6 3 19.8 6 1.1 mm) in rehydrated material, eightspored, the ascospores occupying the upper 60-75% of ascus, resulting in a hyaline ascus base. Ascospores initially hyaline, brown at maturity, (59-)61-70(-74) 3 (3.5-)4-5.5(-6.5) mm (65.9 6 4.8 3 4.8 6 0.6 mm), predominantly seven-septate at maturity. Paraphyses sparsely septate, hyaline below, light brown above, embedded in a light brown gelatinous matrix, slightly inflated obovoid to pyriform at the apex (4-8 mm diam in rehydrated material).
Distribution and habitat: EUROPE: Czech Republic . NORTH AMERICA: USA, Minnesota (Waldrop et al. 2006 ). On soil in wet places. Comments: The ascocarps of this fungus presently have been definitively collected only from the type locality, however three identical ITS sequences (DQ421171, DQ421172, DQ421173) that nearly match the holotype sequence of G. heptaseptatum (576/577 bp matching) have been recovered from environmental soil samples from Cedar Creek Natural History Area in Minnesota, USA (Waldrop et al. 2006 ). This site is a restored grassland subdivided into one, two, four, eight and 16 grassland-savanna species plots planted Etymology: Named in honor of Andrew Methven. Ascocarps scattered to gregarious on damp soil or fallen deciduous wood, 3-4.5 cm tall, viscid-gelatinous when wet, black; hymenium black, one-fourth to onethird the length of the ascocarp although not well differentiated from the stipe, bilaterally compressed, clavate to spathulate, 3-5 mm wide; stipe black, terete, viscid, 1-2 mm wide. Asci cylindrical-clavate, (218-)227-254(-273) 3 (15.5-)16-17(-18) mm (242.9 6 11.2 3 16.7 6 0.5 mm) in rehydrated material, with a long hyaline base occupying nearly 50% of the total length of the ascus when mature (FIG. 5A) . Ascospores initially hyaline, brown when mature, elongateclavate, (65-)69-76(-79) 3 (4-)5-6(-6.5) mm (72.7 6 3.7 3 5.7 6 0.4 mm), the majority three-septate (FIG. 5B) , although occasional seven-septate mature spores were noticed. Paraphyses sparsely septate, occasionally curved to slightly hooked at the apex; slightly inflated at the apex (3.5-8 mm diam in rehydrated material), occasionally covered with brown gelatinous matter (FIG. 5C) .
Distribution and habitat: AUSTRALIA , NEW ZEALAND (this paper). On moss and on dead deciduous log in mixed deciduous forest.
